Brain state determines patterns of spiking output that underlie behavior. In neocortex, brain state is reflected in the spontaneous activity of the network, which is regulated in part by neuromodulatory input from the brain stem and by local inhibition. We find that fast-spiking, parvalbumin-expressing inhibitory neurons, which exert state-dependent control of network gain and spike patterns, cluster into two stable and functionally distinct subnetworks that are differentially engaged by ascending neuromodulation. One group is excited as a function of increased arousal state; this excitation is driven in part by the increase in cortical norepinephrine that occurs when the locus coeruleus is active. A second group is suppressed during movement when acetylcholine is released into the cortex via projections from the nucleus basalis. These data establish the presence of functionally independent subnetworks of Parvalbumin (PV) cells in the upper layers of the neocortex that are differentially engaged by the ascending reticular activating system.
In Brief
Fast-spiking interneurons in cortex are generally viewed as functionally homogeneous. Garcia-Junco-Clemente et al. present evidence that across diverse cortical areas there are at least two functionally distinct subnetworks of these interneurons, which can be independently engaged as a function of behavior.
INTRODUCTION
Cortical state-the pattern of spontaneous activity controlled by neuromodulatory input from the ascending reticular activating system and by local inhibition-determines the pattern of network spiking in response to sensory stimuli (Harris and Thiele, 2011; Stringer et al., 2018; Musall et al., 2018) . Roughly half of the local inhibitory neurons in the cortex are parvalbumin-expressing, fast-spiking ''basket'' cells, often referred to simply as Parvalbumin (PV) cells. These interneurons regulate network gamma oscillations and control the gain of local pyramidal cell networks (Polack et al., 2013; Wilson et al., 2012; Lee et al., 2012) . The firing rates of PV cells reflect the behavioral state, and their activities are modulated by acetylcholine (Alitto and Dan, 2013) and likely by norepinephrine, both of which are released into the cortex by ascending projections from the nucleus basalis of the basal forebrain and the locus coeruleus, respectively. This interaction between the reticular activating system and cortical PV cells is poorly understood.
To investigate this interaction, we used resonant scanning 2-photon calcium imaging to monitor the spontaneous activity of PV cells in alert head-fixed mice and combined this approach with behavioral, pharmacological, and optogenetic manipulations that engage or suppress neuromodulation. Given the dominant role of brain state on sensory responses and sensory-guided decision-making in the cortex (Musall et al., 2018) , we focused our efforts on a region of the secondary motor cortex often referred to as the anterior lateral motor cortex, a region strongly engaged during decision-making (Guo et al., 2014 (Guo et al., , 2017 Inagaki et al., 2018) as well as the primary visual cortex (V1).
RESULTS
To specifically label and track the activities of PV neurons in the anterior lateral motor cortex (ALM) and primary visual cortex, an adeno-associated virus containing a flexed construct of the genetically encoded calcium indicator GCaMP6s (Chen et al., 2013) was injected into either region in mice from a PV-IRESCre driver line (Hippenmeyer et al., 2005) that had previously been crossed with the Ai9 line of mice containing a flexed red fluorescent protein, tdTomato (Madisen et al., 2010;  Figure 1A ). Thus, all PV cells in the cortex expressed tdTomato, whereas only PV cells in the vicinity of the virus injection also expressed GCaMP6s. Fluorescent changes in GCaMP6s were imaged at 15.5 frames per second using a custom-built resonant scanning 2-photon microscope. Pupil diameter and locomotive state were simultaneously tracked using dedicated cameras because their fluctuations track shifts in the cortical state that are associated with changes in adrenergic and cholinergic activity (Reimer et al., 2014 (Reimer et al., , 2016 McGinley et al., 2015) .
Two Functionally Defined Groups of PV Cells
We first examined responses in the ALM. In each imaged mouse, we qualitatively observed two groups of responses. During epochs when mice were running and the pupils were dilated, one group was clearly active, whereas the other group was suppressed ( Figure 1B ). The presence of two functional groupings was confirmed by post hoc cluster analysis of the correlation coefficients for all PV cells in each field of view ( Figures  1C-1E ). When we measured the temporal correlation coefficient between GCaMP6s signals of the PV cells in each of these two groups with measures of pupil diameter and, separately, locomotion, we found that PV cells in one cluster were almost always positively correlated with locomotion and pupil dilation, whereas the activities of cells in the other cluster were almost always negatively correlated with these two measures ( Figures 1F-1H ). Although there was variability from animal to animal and from one imaging plane to another, the numbers of PV cells in each of these two groups was roughly equal across all animals and imaging planes. To simplify, hereafter we will refer to cells whose activities are positively correlated with locomotion and pupil diameter as PVp cells and to cells whose activities are negatively correlated with these measures as PVn cells. PVn cells were typically more active than PVp cells during quiescence, but the transition to running drove their suppression with concomitant elevation of PVp responses ( Figure 1I ). Notably, although the activities of these two functional clusters were negatively correlated during locomotion, they were highly synchronous during periods of rest ( Figure 1J ), indicative of a common excitatory input. To examine whether cells in each of the groups remained faithful in their responses over time, we repeatedly imaged the same cells over an interval of 1 week and plotted their correlation coefficients to pupil diameter and locomotion at both time points. Cells that were positively or negatively correlated with locomotion and pupil dilation at the first time point remained so 1 week later ( Figure 1K ), indicating that these are functionally stable subgroups. Two functional clusters were also found in the primary visual cortex, although the ratios were unequal at this posterior cortical region, with roughly two-thirds of PV cells positively correlated with an increased arousal state ( Figure S1 ). To determine whether PVp and PVn cells establish spatial clusters, we examined the covariance of each imaged neuron's response to all other imaged neurons in each imaging plane as a function of distance. We found no relationship between correlated responses and distance, indicating that neighboring PV cells do not necessarily have similar responses ( Figure S2 ).
Cholinergic Modulation of One Group of PV Cells
When mice transition from quiet wakefulness to running, there is a concomitant increase in pupil diameter as the arousal state increases, and these differentially affect cortical activity (Vinck et al., 2015) . This state change engages the cholinergic nucleus basalis of the basal forebrain as well as the adrenergic nucleus of the locus coeruleus (Reimer et al., 2016) . Cortical projections from these nuclei release acetylcholine and norepinephrine, respectively, into the cortex, which then act to modulate neural responses (Foote et al., 1980; Polack et al., 2013; Bennett et al., 2014; Lee et al., 2014) . To examine whether PVp and PVn cells respond differently to acetylcholine or norepinephrine, we undertook a series of experiments in which we imaged PV cell responses while simultaneously manipulating cholinergic and adrenergic signaling.
To examine the influence of acetylcholine on PV cell responses, we imaged PV cells before and after local pharmacological blockade of both muscarinic and nicotinic cholinergic receptors via atropine and mecamylamine, respectively. The concentrations of these agents were chosen from previously published studies of cortical activity in vivo (Polack et al., 2013) . Blockade of cholinergic signaling altered the activities of previously identified PVn cells; the correlation coefficients of their activities with locomotion and pupil diameter, which had been negative, now all shifted toward 0 because the activities of these PV cells were no longer modulated by the cholinergic release that occurs when mice run (Figure 2 ). By contrast, the coefficients of PVp cells to locomotion and pupil diameter were not significantly affected. We examined the possibility of optogenetically stimulating the basal forebrain while imaging PV responses in the ALM but could find no way of positioning the objective lens over the ALM while also simultaneously securing a fiberoptic cannula to the skull that would be appropriately positioned to target the basal forebrain. The ALM and basal forebrain are too close along the rostral-caudal axis to permit this. rendering this approach ineffective as a means to interrogate the effect of norepinephrine on PV cell responses. We note that similar cortical silencing with adrenergic blockade has also been reported for pyramidal neurons in the primary visual cortex (Polack et al., 2013) .
PV Cell Responses to Stimulation of the
The locus coeruleus is located approximately 8.25 mm caudal to the ALM. This large berth made it possible to place a fiberoptic cannula into the locus coeruleus (LC), to cement this cannula to the skull with an attached fiber patch cord, and to position the objective lens over the ALM without interference. Using this approach, we recorded the activity of PV cells while optogenetically stimulating the LC using trains of 40 10-ms light pulses delivered at the imaging frame rate (15.5 per second). Experiments were conducted in double transgenic offspring from crosses of PV-Cre and Th-Cre driver line mice. An adeno-associated virus containing a flexed channelrhodopsin-2 tagged to tdTomato was injected into the LC based on stereotaxic coordinates ( Figure 3A) . Notably, because we could only genotype based on Cre expression, we could not know a priori whether the mice expressed Cre recombinase only in the LC, only in PV cells, or both. Expression in the LC was confirmed by post hoc examination of brain sections to determine whether tdTomato and, thus, ChR2 was or was not expressed ( Figure 3B ). Mice were assigned to experimental or control groups based on these results, with control mice lacking tdTomato and ChR2 expression in the LC. As above, GCaMP6s expression in PV cells was achieved and verified using virus-mediated delivery of flexed GCaMP6s.
PV cell activity was recorded for 20 min, and during this time, 18-20 epochs of blue light trains were delivered to the LC. In mice lacking ChR2 expression in the LC, blue light flashes had a small effect on measures of pupil diameter and PVp responses ( Figure 3C ). In experimental mice, which did express ChR2 in the LC, blue light flashes were followed by large pupil dilation, a known effect of LC stimulation (Reimer et al., 2016) , and PVp cells experienced an equally large increase in relative GCaMP6s signal ( Figure 3D ). PVn cell responses, by contrast, were not significantly changed. Interestingly, in some trials, LC stimulation not only drove an increase in pupil diameter, but it also drove changes in motor state; the tail would go up and the mouse would begin to walk or run on the treadmill. These trials were not included in our analysis because the cholinergic modulation associated with the motor movement would impair our analysis.
PV Cell Responses during Associative Fear
We wondered whether these neuromodulatory effects would also be manifested during behavior. Associative fear is a useful behavior for such an examination because, in mice, fear is characterized by motor freezing and pupil dilation, and, thus, the responses of PVp and PVn cells should track accordingly.
To examine this, the same cohort of PV cells was longitudinally imaged before and after mice learned an associative fear-conditioning paradigm in which exposure to a 2-kHz tone for 15 s was paired with a 1-s-long foot shock during the final second of the tone ( Figure 4A ). Learning was measured behaviorally by tracking freezing in response to the tone and by measures of pupil diameter and running ( Figure 4B ).
In these experiments, the learned association between tone and foot shock was clear. Prior to exposure to the tone and foot shock association, mice showed no behavioral response to tones; neither pupil dilation nor running speed were altered at tone onset ( Figures 4B and 4C) . Similarly, PV cells from both functional groups were unaffected by tone presentation prior to conditioning (lighter shades in Figures 4E and 4F) . Following fear conditioning, mice exhibited classic fear responses, although with a bit of a twist. When tone onset was immediately followed by pupil dilation, the onset of motor freezing began a few seconds later ( Figure 4D ). Head-fixed on the floating polystyrene spherical treadmill, mice could not immediately stabilize this treadmill and freeze. Executing this took roughly 5-6 s, during which the measurements of spherical treadmill motion clearly reflected the effort to stabilize and freeze. Somewhat serendipitously, this mismatch in pupil and motor responses proved valuable to the interpretation of the PV cell response data. At tone onset, the responses of PVp cells increased in lockstep with pupil diameter, and these two measures remained high for the duration of the tone (Figures 4E and 4G ). The responses of PVn cells, by contrast, were not noticeably altered until motor movement ceased. When motor freezing was evident, the responses of PVn cells climbed, presumably because the cholinergic suppression of these cells that accompanies motor movement was now relieved (Figures 4F and 4H) . Of added interest, it seems that, during the period of complete freezing, the activities of both the PVp and PVn groups were elevated, indicating that these two groups do not strongly inhibit one another. These behavioral measures support the view that PVp and PVn cells establish functional subnetworks that can be differentially engaged.
DISCUSSION
These data indicate that PV cells establish stable and functionally distinct subnetworks in the neocortex and that the responses of these networks are independently modulated by separate components of the ascending reticular activating system, with one group suppressed when acetylcholine is released from basal forebrain cortical projections during locomotion and the other enhanced by norepinephrine release from the LC during periods of heightened arousal. We examined only two external correlates of PV cell responses, running speed and pupil diameter, and found two functional subnetworks. It is very much a possibility that if we had been able to measure some additional external behaviors, then PV cell responses could be further subdivided and that these functional divisions would also be stable over weeks and, perhaps, the lifetime of the animal. Should this be the case, it would indicate that PV cells exist in something akin to a Venn diagram, in which some cells could be involved in more than one behavior while still existing in a stable subnetwork.
We also note that we do not know where acetylcholine and norepinephrine are exerting their influence on PV cells. The cholinergic suppression of one group of PV cells suggests the engagement of an inhibitory-inhibitory circuit, such as the wellcharacterized vasoactive intestinal peptide (VIP) cell-mediated inhibition of PV cells (Lagler et al., 2016; Pi et al., 2013; Pfeffer et al., 2013) . VIP cells are directly excited by acetylcholine, and, during some behaviors, this VIP cell inhibition of PV cells is engaged. This suppression may also be direct via the actions of acetylcholine on PV cells (Alitto and Dan, 2013) . The excitatory effects of norepinephrine on the other group of PV cells may be direct or enhanced by local excitatory neuron input to PV cells.
Last, a transcriptome analysis of inhibitory cell types in the ALM found only one group of PV cells in layer 2/3 (Tasic et al., 2017) . Our data indicate that such genetic clustering does not reveal the distinctions in their functional engagement.
How, precisely, neuromodulators act on inhibitory circuitry is incompletely understood. Given the effect of neuromodulation and inhibition on shaping the cortical state during development, attention, and learning and its loss during aging, understanding this microcircuitry of brain state is paramount. The data presented here, which establish the presence of functional subnetworks of PV cells, add nuance to the view that inhibitory neurons regulate the cortical state in a task-specific manner Pinto and Dan, 2015; Kepecs and Fishell, 2014; Tovote et al., 2015) . The state-dependent engagement of specific PV cell subnetworks would almost certainly influence the emergence of behavior-specific network responses (Dembrow and 
STAR+METHODS
Detailed methods are provided in the online version of this paper and include the following: GCaMP6s responses in PV cells were imaged as head-fixed mice were exposed to five 2-kHz tones. Mice were then exposed to five 2-kHz tones that were each paired with a foot shock in a standard training cage. The following day, GCaMP6s responses of the same PV cells were imaged, and again the mouse was exposed to five 2-kHz tones.
(B) Plots of running speed (gray) and pupil diameter (black) for the same 7 mice before (top) and after (bottom) association of the tone with a foot shock. In both plots, the presentation of the tone is defined by the blue-gray rectangles. Note the large increase in pupil diameter and cessation of running during each tone after the association was learned. The PV cells imaged and analyzed in the remaining panels were derived from these 7 mice. (G) Boxplots of PVp GCaMP6s fluorescence changes in units of Z score in the 6 s prior to (A), during the first 6 s after (B), and seconds 6-12 after (C) tone onset. These time bins were chosen because running stops approximately 6 s after tone onset. Note the immediate increase and continued increase in PVp responses after tone onset (p = 0, rank-sum test). The response continues to climb thereafter (p = 3.55e-16, rank-sum test); (H) The same plot as in (G) but for PVn cells. Note that there is small but significant drop in GCaMP6s response distributions in the first 6 s after the tone, consistent with the increase in motor control to stabilize the ball (p = 1.5eÀ7, rank-sum test). When running stops and freezing begins (gray area), these responses increase significantly (p = 4.4eÀ98, rank-sum test).
STAR+METHODS KEY RESOURCES TABLE CONTACT FOR REAGENT AND RESOURCE SHARING
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Pablo Garcia-Junco-Clemente (pgarciajunco@gmail.com).
EXPERIMENTAL MODEL AND SUBJECT DETAILS
All procedures were approved by UCLA's Office of Animal Research Oversight (the Institutional Animal Care and Use Committee, IACUC) and were in accord with guidelines set by the US National Institutes of Health. A total of 33 mice, both male (10) and female (23), aged P45-56, were used for in vivo imaging. PV-Cre lines were obtained from the Jackson Laboratory (JAX Stock#: 008069) and crossed with Ai9 mice (B6;129S6-Gt(ROSA)26Sor tm9(CAG-tdTomato)Hze /J; JAX Stock#: 007905), to express td-Tomato in a CREdependent manner. Tyrosine hydroxylase-Cre (a generous gift from Luis de Lecea at Stanford University; which can also be obtained directly from the European Mouse Mutant Arcive Th-IRES-Cre: B6;129X1-Th tm1(cre)Te /Kieg; EM:00254) were also crossed with PV-Cre lines. All mouse lines were crossed into a C57 black 6 background for 7 generations or longer. Mice were housed in groups of 2-3 per cage in a normal 12/12 light dark cycle. Animals were naive subjects with no prior history of participation in research studies.
METHOD DETAILS
Surgery, viral injection Craniotomy survival surgery, virus injection (AAV1.Syn.Flex.GCaMP6s.WPRE.SV40: Addgene ID: 100845-AAV1), GCaMP6s imaging, motion correction, and cell segmentation were as reported in reference (Mineault et al., 2016) . The coordinates used for these studies in ALM were 2.8mm anterior to Bregma and 1.5mm lateral of the sagittal suture. For the experiments in primary visual cortex, the coordinates used were 1mm anterior of Lambda and 3mm lateral of the sagittal suture.
Imaging
Once expression of GCaMP6 was observed, typically between 12-15 days after the injection, imaging sessions took place. Imaging was performed using a resonant scanning, two-photon microscope (Neurolabware, Los Angeles, CA) controlled by Scanbox acquisition software (Scanbox, Los Angeles, CA). The light source was a Coherent Chameleon Ultra II laser (Coherent Inc, Santa Clara, CA) running at 920nm. The objective was an x16 water immersion lens (Nikon, 0.8NA, 3mm working distance). The microscope frame rate was 15.5Hz (512 lines with a resonant mirror at 8kHz imaging fields within the range 125-300 microns). During imaging a substantial amount of light exits from the brain through the pupil. Thus, no additional illumination was required to image the pupil. Mice were head-fixed on a floating, spherical treadmill on which they had been trained to balance and run. All mice were trained on the spherical treadmill for 3 days, 20-minutes per day before experiments were started. Movement of the spherical treadmill was recorded via a Dalsa Genie M640 camera. Both locomotion and eye movement data were synchronized to the microscope frames. We first summed images over a 30 s. period to obtain a high signal-tonoise image of Cre-dependent tdTomato expression, using 1000nm excitation, to identify PV cells. We then changed the wavelength to 920nm and imaged GCaMP6(f/s) dynamics during 10-15 minutes per field. Mice were head fixed, but freely moving during the entire imaging session.
Pharmacology
The cholinergic, noradrenergic and glutamatergic Mecamylamine M9020, Yohimbine Y3125, Propranolol P0884, Prazosin P7791, and atropine were purchased from Sigma. Drugs were dissolved in warm cortex buffer and filtered and then injected into cortex using a glass micropipette using a picospritzer. During the initial surgery and AAV injection, a hole was drilled through each coverslip which was ultimately used to form the cranial window. This hole was plugged using kwik-sil and covered with acrylic to prevent desiccation and infection. During imaging, 2 weeks after AAV injection, the kwik-sil was removed, GCaMP6-expressing neurons were imaged for 15 minutes, and then the mouse was removed from the microscope and placed under a dissection microscope. The glass micropipette containing the filtered drugs was then inserted into the cortex via the previously-drilled hole. This permitted the maintenance of the cranial window intact. The mouse was then placed back under the 2-photon microscope, the same neurons were again found, and their activities imaged for another 15 minutes.
Optogenetic stimulation of LC
Offspring from crosses of Tyrosine hydroxylase-Cre (a generous gift from Luis de Lecea at Stanford University; can also be obtained directly from the European Mouse Mutant Arcive Th-IRES-Cre: B6;129X1-Th tm1(cre)Te /Kieg; EM:00254) and PV-Cre mice were used.
AAV-flex-rev-ChR2-tdTomato (Addgene ID 18917-AAV1, titer: 20-30 nL at $10 12 genome copies per mL) was pressure injected into locus coeruleus (AP À5.45mm, ML 1.28mm, DV 3.65mm) using a glass micropipette. Immediately thereafter, a fiber optic cannula (Prizmatix Ltd; 2.5mm ferrule, 200um diameter fiber) was implanted at an angle of 15 degrees to target LC in order to provide access for future placement of the imaging objective lens. The cannula was cemented to the skull using dental acrylic. Next, a craniotomy was performed over ALM as above and AAV-flex-GCaMP6s was pressure injected as above and a head bar cemented to the skull. Two weeks later, PV cells were imaged as above. During this time, 18-20 epochs of light trains were delivered to LC using a highpower density 460nm blue LED (Prizmatix) only during periods of behavioral quiescence when the pupil was constricted. Stimuli consisted to 40 10ms duration trains delivered at 15.5Hz synchronized to acquisition frame rate. Only epochs in which pupil dilation was phase-locked to LC stimulation were analyzed in experimental animals. Mice were then transcardially perfused and brains sectioned to verify expression of tdTomato in locus coeruleus.
Fear conditioning
Responses of PV cells in ALM, as well as any changes in running and pupil dilation to presentation of 2KHz tones were first measured prior to fear conditioning by exposing mice to the 2KHz tones while head-fixed under the 2-photon microscope. For fear conditioning, these same mice were then conditioned to associate a 2KHz tone with a mild foot shock by placing them in a rectangular chamber with a base composed of evenly spaced metal bars. In this chamber, mice received eight randomly delivered 2KHz tone presentations during a single training that lasted 15min. Each tone epoch lasted 15 s. During the final second, a 0.65mA shock was delivered to the mouse's feet via metal bars on the bottom of the chamber. Responses of the same PV cells in these same mice, changes in locomotion and pupil diameter after fear association were then measured by exposing the mice to the tones while head-fixed under the 2-photon microscope, fear was measured behaviorally by a large increase in pupil dilation as well as a cessation of running. In this context, the first tone was delivered 1 minute after imaging started, and the subsequent 4 tones were given every 3 minutes thereafter (duration = 15sec, 2KHz tone).
QUANTIFICATION AND STATISTICAL ANALYSIS
Data collection and analysis was not blinded. No randomization was used to assign subject to the experimental groups. Experiments required mice of known genotype, making randomization impossible. Statistical tests, numbers of mice, fields of view, numbers of cells, and P values are reported in each figure legend.
All statistical analyses were done using non-parametric procedures in MATLAB. Significance levels were set to a < 0.05 for all twogroup comparisons. Mann-Whitney U tests were employed for testing differences between independent groups, while groups with repeated-measures were compared with the Wilcoxon signed-rank test. In comparisons involving more than two groups, custom written MATLAB code was used to tailor an ANOVA to non-normally distributed data with unequal variances, for independent and non-independent groupings: F-statistics were computed as the ratio between sum of squares among groups and sum of squares within groups, and p values were calculated by comparing the F-statistic derived from the data and the average F-statistic generated from resampling the shuffled data 10,000 times. Our data required 2 types of ANOVAs: 2-way ANOVA with repeated-measures and one-way ANOVA with repeated-measures (Kruskal-Wallis test). ANOVAs were followed by post hoc comparisons. The Bonferroni method was used to correct for multiple comparisons.
DATA AND SOFTWARE AVAILABILITY
Custom code will be provided upon request to J.T.T. The purpose of the custom scripts was to read in the acquired fluorescence, pupil diameter, and locomotion time series; to evaluate the significance of correlations between them; to examine clustering of the signals; to examine changes in fluorescence relative to the timing of optogenetic stimulation; to perform statistical analyses; and to plot these data.
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